PCR was used to rapidly identify and isolate 1-aminocyclopropane-1-carboxylate (ACC) deaminase genes from bacteria. The Shimodaira-Hasegawa test was used to assess whether phylogenetically anomalous gene placements suggestive of horizontal gene transfer (HGT) were significantly favored over vertical transmission. The best maximum likelihood (ML) ACC deaminase tree was significantly more likely than four alternative ML trees, suggesting HGT.
Plant growth-promoting bacteria include a diverse group of free-living soil bacteria that can stimulate the growth of plants by different direct or indirect mechanisms (5) . Relatively recently, it was discovered that many plant growth-promoting bacteria contain the enzyme 1-aminocyclopropane-1-carboxylate (ACC) deaminase and that this enzyme can cleave the ethylene precursor ACC to ␣-ketobutyrate and ammonia and thereby lower the level of ethylene in developing or stressed plants (5, 6, 7, 9, 11, 13) . The gene encoding this enzyme has been isolated from a few strains of Pseudomonas spp., Rhizobium leguminosarum of the yeast Hansenula saturnus, and the fungus Penicillium citrinum. The crystal structure has been determined for the yeast (15) and bacterial (12) ACC deaminase enzymes; the biochemical and thermodynamic properties of the ACC deaminase from Pseudomonas putida UW4 have been measured (10) . Here, using PCR with degenerate primers, we have successfully isolated ACC deaminase genes from a range of both gram-positive and gram-negative bacterial species. Using the biochemical assay procedure, it was ascertained that all of these putative genes encoded functional ACC deaminase. Furthermore, we propose that ACC deaminase genes did not evolve vertically but instead have undergone horizontal gene transfer (HGT).
The bacterial strains used in this work are listed in Table 1 . The bacteria, except for rhizobial strains, were routinely maintained on Bacto Pseudomonas F as described previously (1, 2, 3) .
For genus and species identification, a colony PCR was performed with live cells cultured on solid Bacto Pseudomonas F or M79 medium as described previously (17) . Species assignment was confirmed by submitting the 16S rRNA sequences to the Ribosomal Database Project II (http://rdp.cme.msu.edu) and comparing them with their nearest phylogenetic relatives.
Degenerate primers DegACC5Ј (5Ј-GGBGGVAAYAARM YVMGSAAGCTYGA) and DegACC3Ј (5Ј-TTDCCHKYRT ANACBGGRTC) were designed based upon stretches of conserved base pairs towards the N terminus of the protein and around the putative pyridoxal phosphate cofactor binding domain of the protein (20), whereas for 3Ј primer design, a conserved region close to the carboxyl terminus of the protein was utilized. This allows for the amplification of a fragment of approximately 750 bp. Thus, by using this PCR method, bacterial colonies can be quickly screened for the presence of the ACC deaminase gene. Nucleotide sequences were aligned using MUSCLE v3.52 (4, 16) and refined by eye. Phylogenetic analyses were performed using PAUP* v4.10b via an automated script (courtesy of D. W. Rice, Indiana University). Appropriate evolutionary models for maximum likelihood (ML) were chosen using Modeltest 3.6 (16) . A starting topology was generated using parsimony analysis, from which substitution rates and gamma shape parameters were estimated, as appropriate for the nucleotide substitution model selected. Node support for the resultant best trees was evaluated by performing 100 bootstrap replicates. The best ML tree for ACC deaminase was compared to several constrained topologies using the Shimodaira-Hasegawa (SH) test (19) as implemented by PAUP*.
The topology of the 16S rRNA tree follows a predicted taxonomy where species of the order Burkholderiales (Variovorax, Acidovorax, and Achromobacter) are grouped together and, likewise, members of the class Gammaproteobacteria (Pseudomonas, Enterobacter, and Serratia) are also grouped together, all belonging to the phylum Proteobacteria. More distant are the Rhizobium spp. which belong to the phylum Proteobacteria but to the class Alphaproteobacteria. The grampositive Rhodococcus spp. belong to an altogether separate phylum, Actinobacteria, and also display the furthest genetic distance to the gram-negative bacteria belonging to the Gammaproteobacteria class. The topology of the bacteria was confirmed by constructing ML trees that included the 16S rRNA sequences from the bacteria identified in this study as well as 190 16S rRNA sequences of other related bacterial species available in the Ribosomal Database Project II (http://rdp.cme .msu.edu). Another ML tree was constructed using the partial ACC deaminase DNA sequences from the 750-bp region amplified with the degenerate primers (Fig. 1B) . The published and well-characterized ACC deaminase DNA sequence of the bacterium Pseudomonas sp. ACP is shown in Fig. 1B . In this tree, Pseudomonas sp. and Achromobacter sp. ACC deaminase genes are distributed throughout the tree and not constrained to what would be predicted from a vertical transmission of the (19) was used to assess whether phylogenetically anomalous gene placements suggestive of HGT are significantly favored over the hypothesis of vertical transmission. This test assigns a P value to the difference in likelihood between the best ACC deaminase ML tree constructed and the ML tree, based on the same data set, in which the ACC deaminase genes are constrained (e.g., as monophyletic groups), as would be expected in the case of vertical transmission of ACC deaminase genes. The ACC deaminase ML tree was compared to the following: (i) a tree assuming that all Achromobacter sp. ACC deaminase genes are monophyletic, (ii) a tree where the Enterobacteriaceae are clustered together, (iii) a tree where Pseudomonas sp. ACC deaminase genes are monophyletic, and (iv) an ACC deaminase tree in which the topology of the ACC deaminase genes mirrors the bacterial 16S rRNA genes. The P values for the SH tests for these four comparisons were Ͻ0.0001, Ͻ0.0076, Ͻ0.0001, and Ͻ0.0001, respectively. All four tests showed the best ML ACC deaminase tree to be significantly more likely than the alternative trees. As ACC deaminase genes have not evolved in the same manner as 16S ribosomal RNA genes, which we assume to be vertically transmitted, we propose that some ACC deaminase genes have evolved through horizontal transfer. Given that the pattern cannot be explained by a single transfer, there may have been multiple transfers. Determining precisely which bacterial species served as donors and which served as recipients of HGT is beyond the scope of this work. However, it seems likely that Pseudomonas spp. and Achromobacter spp. have evolved through HGT. Nucleotide sequence accession numbers. The 16S rRNA gene sequences of the studied strains have been submitted to the GenBank/DDBJ/EMBL databases under the accession numbers given in Table 1 .
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